The sole purpose of the mammary gland is to produce large quantities of milk to support newborns. The milk secreting alveolar epithelium, absent in the virgin state, is established during pregnancy and completely remodeled upon cessation of lactation^[@R1]^. Proliferation and differentiation of mammary alveoli during pregnancy is controlled by progesterone^[@R2]^ and the cytokine prolactin^[@R3],[@R4]^ through the transcription factors STAT5^[@R5],[@R6]^ and ELF5^[@R7]^. STAT5^[@R8],[@R9]^ has emerged as the critical transcription factor activating genes encoding milk proteins, and other differentiation associated proteins linked to secretion, up to 10,000 fold during pregnancy^[@R10]^. The ten most abundant mRNAs encoding milk proteins, account for more than 90% of the mRNA^[@R11],[@R12]^ and expression of the respective genes are synergistically induced by prolactin and glucocorticoids^[@R13]^, making them an ideal system to investigate underlying transcriptional regulation.

Traditionally, transgenic mice had been used to identify sequences conveying mammary-specificity and hormonal responsiveness^[@R13]-[@R19]^. Although informative, these transgenes contained only limited promoter and upstream sequences, which conveyed mammary-restricted expression but normal hormonal regulation during pregnancy and expression levels were not obtained. This suggests that enhancers and insulators were located outside the sequences used in these transgenes. Putative regulatory elements within the genome can now be identified using ChIP-Seq analyses for transcription factors and specific histone modifications, such H3K27ac for enhancers^[@R20]-[@R23]^. This permits a more surgical approach in the genetic analysis of these sequences.

The emerging concept of super-enhancers proposes that lineage-specific genes are under control of enhancer clusters, which are characterized by several densely occupied transcription factor platforms and extended H3K27ac marks^[@R24],[@R25]^. Although super-enhancers have been reported in ES cells and other systems^[@R26]-[@R46]^ there is scant genetic support of their biological relevance. Several hundred genes are expressed specifically in mammary tissue under the control of prolactin^[@R10]^ making them an ideal test system for the concept of super-enhancers. Here we have integrated ChIP-Seq for the mammary master regulator STAT5, GR, MED1 and H3K27ac to identify putative mammary enhancers. To validate the biological significance of super-enhancers we focused on one associated with *Wap*^[@R47]^, a gene highly expressed in mammary tissue and induced more than 1,000-fold during pregnancy^[@R48]^. We mutated constituent enhancers, individually and in combination, within the *Wap* super-enhancer, determined their respective importance and identified a hierarchy among them.

RESULTS {#S1}
=======

Identification of mammary-specific super-enhancers {#S2}
--------------------------------------------------

In search of mammary-specific super-enhancers, ChIP-Seq experiments were conducted for STAT5A, a master regulator in mammary epithelium^[@R6],[@R49]^, the active chromatin mark H3K27ac, the glucocorticoid receptor (GR) and MED1. Mammary tissue was initially analyzed at lactation when mammary-specific genes are highly expressed. Based on the co-localization of TF binding and H3K27ac marks and defined stitch sizes^[@R46]^ ([Fig. 1a](#F1){ref-type="fig"} and [Supplementary Figs. 1-3](#SD1){ref-type="supplementary-material"}) we identified approximately 580 super-enhancers. After subtracting STAT5 super-enhancers common to mammary tissue and either liver or T cells, we obtained 440 mammary-specific super-enhancers, encompassing a total of 2,712 individual enhancers ([Fig. 1a](#F1){ref-type="fig"} and [Supplementary Table 1](#SD2){ref-type="supplementary-material"}). These 440 super-enhancers were exclusively identified based on ChIP-Seq experiments, and their biological function has not been experimentally validated.

To establish the functional significance in lactating mammary tissue, we used RNA-Seq data^[@R10]^ and compared expression of genes associated with super-enhancers to genes associated with lone STAT5 enhancers ([Fig. 1b](#F1){ref-type="fig"}). While the median expression of genes linked to lone enhancers was \~14 FPKM (mean \~31 FPKM), it was \~27 FPKM (mean \~5,931 FPKM) for genes associated with super-enhancers. Gene Set Enrichment Analysis (GSEA) demonstrated that super-enhancers were preferentially associated with STAT5-dependent genes ([Fig. 1c](#F1){ref-type="fig"}). Expression of approximately 35% of super-enhancers associated genes was induced more than 2-fold by STAT5 ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}) and approximately 50% of the genes associated with super-enhancers were also induced during pregnancy. Notably while most highly induced genes are associated with super-enhancers, some, such as *Aldoc*, are linked to lone enhancers ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}).

Next we examined whether expression of super-enhancer associated genes was specifically elevated in mammary tissue. We analyzed expression in mammary tissue at day one of lactation, in Th1 cells and liver tissue, all of which are targets of cytokines that activate STAT5. While expression of the super-enhancer associated genes in mammary tissue averaged 27 FPKM (mean \~ 5,931 FPKM), it was \~12 FPKM (mean \~31 FPKM) in T cells and \~6 FPKM (mean \~28 FPKM) in liver ([Fig. 1d](#F1){ref-type="fig"}). Although this demonstrates a mammary preference of genes associated with mammary super-enhancers, it also reveals that some were expressed in non-mammary cells under cytokine control. Approximately 50% of super-enhancer associated genes are induced during pregnancy through STAT5 and their expression is highly enriched in mammary tissue ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}) at a median of \~43 FPKM (mean \~11,388 FPKM) ([Fig. 1e, left panel](#F1){ref-type="fig"}). In contrast expression of genes not induced during pregnancy was only slightly enriched in mammary tissue ([Fig. 1e, right panel](#F1){ref-type="fig"}).

Assembly of mammary super-enhancers during pregnancy {#S3}
----------------------------------------------------

Enhancers are characterized by the binding of several transcription factors, so called hot spots^[@R43],[@R50]^. A motif search (see M&M for details) established an enrichment of predicted binding sites for ELF5 and NFIB ([Fig. 2a](#F2){ref-type="fig"}), transcription factors critical to mammary development^[@R7],[@R13],[@R51]^. ChIP-Seq experiments validated that NFIB and ELF5 bound to enhancers also occupied by STAT5, GR and MED1 ([Fig. 2b and 2c](#F2){ref-type="fig"}), as exemplified for the *Wap* and *Olah* genes ([Fig. 2b](#F2){ref-type="fig"} and [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}).

It can be hypothesized that mammary super-enhancers are established during pregnancy, a time frame during which expression of mammary-specific genes greatly increases. To address this we performed ChIP-Seq for STAT5, GR, NFIB, ELF5, MED1 and H3K27ac on mammary tissue at day 13 of pregnancy (p13), prior to the activation of key genes, including *Wap*. While 7% (32) of all super-enhancers were not occupied at p13 and were established only at day 1 of lactation (L1), some constituent enhancers within the remaining 93% (408) super-enhancers showed already limited TF occupancy at p13 ([Fig. 3a](#F3){ref-type="fig"}). In 56% of the super-enhancers less than one half of the ChIP-Seq peaks are established at p13, 32% had coverage of more than one half and in 5% of the super-enhancers all peaks were already fully established. The sensitivity of ChIP-Seq experiments depends on the affinity of antibodies and it is possible that the data in [Figure 3a](#F3){ref-type="fig"} underestimate TF binding. Next we assessed to what extent the temporal gain of TF binding to these enhancers translated into the activation of associated genes ([Fig. 3b](#F3){ref-type="fig"}). Genes associated with super-enhancers void of TF binding (group I) or only partially occupied (group II and III) at p13 are characterized by higher induction levels than those already fully occupied (groups IV) at p13. Furthermore, genes associated to fully established super-enhancers at p13 show a higher gene expression level ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). Super-enhancers without apparent STAT5 occupancy at p13 show the highest induction followed by those with less than 50% occupancy and those with more than 50% pre-occupied enhancers ([Fig. 3c, left panel](#F3){ref-type="fig"}). In contrast, super-enhancers associated with non-induced genes show equivalent expression patterns ([Fig. 3c, right panel](#F3){ref-type="fig"}).

Individual enhancers within a given super-enhancer were frequently not established in concert during pregnancy but in a defined temporal order, suggesting that they differentially sense prolactin and possibly transcription factor concentrations. Notably, some individual enhancers within super-enhancers were already occupied during pregnancy prior to the activation of the associated genes. To attain a better understanding of the temporal progression of mammary-specific super-enhancers, we focused on the tripartite enhancer of *Wap^[@R47]^*, a gene induced more than 1,000-fold during pregnancy^[@R13],[@R52]^. The *Wap* super-enhancer consists of three constituent enhancers, with one (E1) already being occupied by STAT5A, GR, NFIB, ELF5 and MED1 at mid pregnancy ([Fig. 3d](#F3){ref-type="fig"}, [Supplementary Fig. 6a](#SD1){ref-type="supplementary-material"}). In contrast, E2 and E3 were fully occupied only at the onset of lactation. Similarly, one of the three individual enhancers within the *Glycam1* super-enhancer was prominent already during pregnancy prior to its transcriptional activation ([Fig. 3e](#F3){ref-type="fig"}). These findings suggest that individual enhancers within mammary-specific super-enhancers have unique capacities and differentially sense hormonal cues as pregnancy progresses. Moreover, enhancers already occupied in early pregnancy, such as E1 in the *Wap* super-enhancer, are generally unable to activate mammary-specific genes by themselves. The window between p13 and L1 is characterized by epithelial differentiation and devoid of significant proliferation suggesting that the establishment of super-enhancers is the result of cellular differentiation. Expression of *Krt8* and *Krt18*, markers of mammary secretory epithelium, is equivalent between p13 and L1 ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}). To further strengthen this, we conducted STAT5 and H3K27ac ChIP-Seq experiments at p14 and p16, stages that are distinguished by their differentiation status as evidenced by the 100-fold activation of the *Wap* gene ([Fig. 3f, 3g](#F3){ref-type="fig"}, [Supplementary Fig. 6b](#SD1){ref-type="supplementary-material"}). While E1, but not E2 and E3, was occupied by STAT5 at p14, binding to all sites was secured by p16, demonstrating that the *Wap* super-enhancer is fully activated within this narrow time window. Although the expansion of mammary epithelium between p14 and p16 is negligible, the respective tissue has an equivalent appearance ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}) and we analyzed the gain of signals specific to mammary epithelium, we still decided to compare specific chromatin marks in intact tissue and enriched mammary epithelial cells ([Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}).

Hierarchy within the mammary-specific *Wap* super-enhancer {#S4}
----------------------------------------------------------

The progressive establishment of mammary-specific super-enhancers during pregnancy parallels the activation of some, but not all, associated genes suggesting a possible causal relationship. Since the creation of mammary alveoli is strictly dependent upon STAT5^[@R6],[@R53]^, it has not been possible to investigate it's *in vivo* role in the establishment of individual mammary-specific enhancers^[@R10]^ in tissue devoid of STAT5. To unequivocally recognize the contribution of individual STAT5 sites within a mammary-specific super-enhancer we focused on *Wap*, which is activated more than 1,000-fold during pregnancy^[@R13],[@R52]^. First, we individually deleted GAS motifs in each of the three putative STAT5 enhancers (E1 -- E3) ([Fig. 4a](#F4){ref-type="fig"} and [Supplementary Fig. 9](#SD1){ref-type="supplementary-material"}). The proximal E1 site was mutated using CRISPR/Cas9 genome editing and the E2 and E3 sites were deleted using TALEN technology ([Fig. 4b](#F4){ref-type="fig"}). Mammary tissue from homozygous mutant mice was analyzed at the onset of lactation. Deletion of the proximal STAT5 enhancer site (ΔE1) resulted in 62% reduction of *Wap* mRNA levels, loss of E2 (ΔE2) in 48% and inactivation of the distal site (ΔE3) led to a reduction of 91% ([Fig. 4c](#F4){ref-type="fig"}). This demonstrates that the three STAT5 enhancer units, despite their equivalent transcription factor occupancy and H3K27ac profiles, possess different *in vivo* strength, suggesting unique contributions of STAT5 at these sites.

Although highly informative, this study did not address potential additive or synergistic interactions between the three constituent enhancers that would account for the 1,000-fold induction of the *Wap* gene. To investigate this, we conducted successive gene targeting using CRISPR/Cas9 and generated mice carrying different combinations of mutants. Since E1 is established prior to *Wap* gene activation and precedes the formation of E2 we explored functional synergy between them. E1 mutant embryos were targeted at site E2 and ΔE1a/2 mice were generated. The combined loss of these two enhancers had a modest impact with an 87% reduction of *Wap* expression ([Fig. 4c](#F4){ref-type="fig"}), less than what had been observed in the sole absence of E3. This provides further evidence of the prominent status of the distal E3 enhancer. Indication that sites E2 and E3 might hold the key to the extraordinary activation of *Wap* came from the observation that STAT5 occupation of these sites coincided with the 100-fold activation of *Wap* between days 14 and 16 of pregnancy ([Fig. 3f and 3g](#F3){ref-type="fig"}). To test this supposition we targeted E2 within E3 mutant embryos and generated mice (ΔE2/3) lacking both sites. *Wap* expression in these mice was reduced by \~95% ([Fig. 4c](#F4){ref-type="fig"}) demonstrating additive, yet no synergistic, interaction between these two enhancers. Although this induction is extraordinary compared to other enhancer-dependent genes it still did not account for the 1,000-fold induction of the endogenous *Wap* gene. We surmised that the combined entity of all three STAT5 enhancers was necessary and sufficient to impose the full induction, a hypothesis we tested in mice devoid of all three STAT5 enhancer sites. E1 mutant embryos were targeted for E2 and E3 and homozygous mice (ΔE1a/2/3) were generated and analyzed. In the absence of the three STAT5 enhancers *Wap* expression at day one of lactation was reduced by a remarkable 1,000-fold compared to wild type controls ([Fig. 4c](#F4){ref-type="fig"}). To determine whether this unprecedented enhancer activity mirrored the induction of *Wap* at mid pregnancy, the stage when E2 and E3 recruit STAT5 and other transcription factors and acquire extensive H3K27ac, we compared *Wap* expression in ΔE1a/2/3 mutants and control tissues. In the absence of its tripartite enhancer *Wap* levels at day one of lactation were equivalent to those found for the wild type gene at day 14 of pregnancy ([Fig. 4d](#F4){ref-type="fig"}), providing evidence that the tripartite STAT5 enhancer is responsible for the activation of *Wap* at mid pregnancy.

Although mutational analyses have validated the exceptional role of the tripartite STAT5 super-enhancer, the consequences of individual and combined mutations on the binding of other transcription factors and the establishment of H3K27ac islands remained unknown. We addressed this and investigated chromatin configuration and TF binding of the *Wap* super-enhancer in mammary tissue devoid of individual or combined constituent enhancers. The ΔE3 mutation not only led to loss of STAT5A binding but unexpectedly also to the complete absence of GR binding, H3K27ac and DNaseI hypersensitivity at E3 ([Fig. 5a, left panel](#F5){ref-type="fig"}). The mammary-specific *Lao1* gene served as a control and was not affected ([Fig. 5a, right panel](#F5){ref-type="fig"}). In contrast, some STAT5 binding was retained upon deletion of the GAS motif in E1 (ΔE1a) and GR and MED1 binding were largely intact as was the H3K27ac profile ([Fig. 5a](#F5){ref-type="fig"}) suggesting that this site had retained limited integrity. Similarly, the structural integrity of E2, including H3K27ac, remained largely intact upon deletion of the underlying STAT5 binding ([Fig. 5a](#F5){ref-type="fig"}). The retention of structural integrity of E1 and E2 in the respective mutants is in agreement with their modest contribution to *Wap* expression. In contrast, E3 is exceptional in that loss of STAT5 binding prevented the establishment of visible enhancer features at this site, in agreement with a more than 90% reduced activity. We propose that STAT5 is the pioneer factor in the establishment of E3 but E1 and E2 are established, at least partially, in its absence. The rather modest functional contributions of E1a and E2, alone or combined, are mirrored by the retention of GR binding and H3K27ac marks in mutant tissue ([Fig. 5b](#F5){ref-type="fig"}). The combined mutations E1a/2 and E2/3 were additive, but not synergistic, between two constituent enhancers. STAT5 ChIP-Seq experiments emphasized that loss of individual STAT5 binding sites had limited consequences on the remaining intact constituent enhancers ([Fig. 5c](#F5){ref-type="fig"}). In contrast combined loss of the dominant E3 and E2 profoundly affected occupancy of the proximal E1. Most importantly, loss of all three STAT5 sites was incompatible with the formation of TF complexes over E2 and E3 and the establishment of active chromatin ([Fig. 5b](#F5){ref-type="fig"}), in agreement with the complete loss of *Wap* activation during pregnancy ([Fig. 4c](#F4){ref-type="fig"}). The residual binding of GR in the E1 region was insufficient to convey any meaningful activation.

A seed enhancer in mammary-specific *Wap* super enhancer {#S5}
--------------------------------------------------------

The importance of STAT5 within E1 is limited and its loss did not affect the overall enhancer structure suggesting that establishment of E1 might require the presence of additional transcription factors, possibly, NFIB and ELF5, which bind close to STAT5^[@R14],[@R15],[@R54],[@R55]^ ([Fig. 6a](#F6){ref-type="fig"}, [Supplementary Fig. 10](#SD1){ref-type="supplementary-material"}). CRISPR/Cas9 genome editing was used to generate mice lacking the GAS and the juxtaposed NFIB motifs (ΔE1b) and homologous recombination in ES cells was used to introduce point mutations into the GAS, NFIB and ELF5 motifs (ΔE1c) ([Fig. 6a](#F6){ref-type="fig"}). Combined inactivation of the GAS and NFIB motifs resulted in the reduction of *Wap* mRNA by approximately 70% ([Fig. 6b](#F6){ref-type="fig"}) suggesting that NFIB is not essential for the activity of E1. Although studies using a *Wap* transgene with only 800 bp of 5' flanking sequences, and thus lacking E2 and E3, had concluded that NFIB was essential for gene activity^[@R14],[@R15],[@R48],[@R56]^ this was not the case for the endogenous gene. ChIP-Seq confirmed loss of NFIB binding to the mutant E1 and also demonstrated that ELF5 binding was unaffected ([Supplementary Fig. 11](#SD1){ref-type="supplementary-material"}).

The combined roles of STAT5, NFIB and ELF5 were investigated in mice carrying point mutations in all three sites (ΔE1c) ([Fig. 6a](#F6){ref-type="fig"}, [Supplementary Fig. 11](#SD1){ref-type="supplementary-material"}). Unexpectedly, mutations in these three sites incapacitated the entire *Wap* locus ([Fig. 6b](#F6){ref-type="fig"}). Moreover, E2 and E3 failed to be established during pregnancy as indicated by the absence of transcription factor binding and H3K27ac marks ([Fig. 6c](#F6){ref-type="fig"}). The complete absence of DNaseI hypersensitivity suggested that it had not undergone any priming and was unable to respond to pregnancy hormones. Collectively, these data indicate that the joint binding of three TFs within E1 provides an epicenter required for the activation of this mammary-specific locus and the recruitment of additional enhancers in response to hormonal stimuli during pregnancy. The super-enhancer that conduces the 1,000-fold induction during pregnancy is built on STAT5 that binds to three individual enhancers with distinct properties. Notably, the *Nfib* and *Elf5* genes appear also to be under the control of STAT5-driven enhancers ([Supplementary Fig. 12](#SD1){ref-type="supplementary-material"}).

DISCUSSION {#S6}
==========

Although super-enhancers have been identified in diverse cell systems^[@R4],[@R26]-[@R35],[@R37]-[@R46],[@R50],[@R57]-[@R60]^ there has been scant genetic proof of their biological significance in genuine *in vivo* settings in mice ([Supplementary Table 5](#SD5){ref-type="supplementary-material"}). Similarly, individual and combined contributions of constituent enhancers within super-enhancers has not been investigated using mouse genetics^[@R24],[@R25],[@R57]^. Our study now provides compelling genetic evidence that a unique mammary-specific super-enhancer controls hormone-regulated expression of the *Wap* gene during pregnancy and that embedded constituent enhancers deliver distinct contributions. In the case studied, the most distal enhancer does the heavy lifting, while the proximal ones have modest activity by themselves. Importantly, additive effects but no synergism was observed upon mutating two out of the three constituents, and all three constituents were required to achieve the 1,000-fold induction. Additional genetic studies are needed to determine whether this is a general strategy used by other cell-specific super-enhancers *in vivo*. Mutational studies of enhancers within an erythroid super-enhancer in a cell line also demonstrated an enhancer with the most distal one being most potent^[@R34]^. Based on this cell line study and our mouse study a hierarchy within super-enhancers can be predicted and only the loss of all constituent enhancers might abolish induction of the respective target genes. Establishment of the seed enhancer within the *Wap* super-enhancer during pregnancy depends on three mammary-enriched TFs and its presence is required to launch the two accessory enhancers leading to the full induction of gene expression.

Our study strongly suggests that super-enhancers, as defined by ChIP-Seq experiments and specific algorithms to identify peak patterns, do not necessarily provide a meaningful biological concept. Despite equivalent patterns of TF binding, only one half of the super-enhancers were associated with highly expressed genes induced during pregnancy by STAT5, the principal TF used to define mammary-specific super-enhancers. Moreover, the range of gene induction covered four orders of magnitude and there was no obvious correlation between TF occupancy and gene induction. Although increased and progressive occupancy of super-enhancers was observed during pregnancy, this did not necessarily parallel induction of the associated genes. This questions the concept that the degree of TF loading is a predictor of gene expression.

Although STAT family members are key in controlling cell lineages, likely through cell-restricted enhancers^[@R10],[@R57],[@R61]-[@R64]^, studies with knock-out mice have only provided limited insight into the contributions of individual STATs to specific super-enhancers or its embedded constituents. Loss of either STAT3 or STAT5 from the mouse genome results in the absence of specific T cell populations^[@R65]-[@R68]^ and mammary epithelium^[@R6]^ making it impossible to assess their contributions to lineage-specific super-enhancers. Using genome editing to target individual enhancers avoids the systemic pitfalls encountered in mice lacking transcription factors, either in the germline or specific cell types. Such an approach provides an unbiased functional appraisal of predicted enhancer structures in the context of an otherwise uncompromised organism^[@R69]^. This is particularly relevant for cytokine-responsive systems, including T cells and mammary epithelium, whose lineages fail to develop in the absence of specific cytokine-sensing transcription factors. In summary, our study provides evidence that an unbiased genome-wide survey of putative enhancers, coupled with enhancer editing, can provide mechanistic insight into complex organ-specific and cytokine-regulated genetic circuits.

URLs {#S7}
----

MIT CRISPR Design tool, <http://crispr.mit.edu/>; R Project for Statistical Computing, <https://www.R-project.org/>; dplyr, <https://CRAN.R-project.org/package=dplyr>; Power Analysis, <https://CRAN.R-project.org/package=pwr>.

ONLINE METHODS {#S8}
==============

Mice {#S9}
----

Six to eight-week-old C57BL/6 female mice were purchased from Charles River and used as Wild Type controls. CRISPR/Cas9 targeted mice were generated by the transgenic core of the National Heart Lung and Blood Institute (NHLBI) and TALEN targeted mice were generated by Cyagen Biosciences (2255 Martin Avenue, CA 95050). Mice carrying point mutations in the E1 region were generated by Ingenious Targeting Laboratory (2200 Smithtown Ave, NY 11779). All animal procedures were in accordance with NIH, NIDDK guidelines for the care and use of laboratory animals.

ChIP-Seq {#S10}
--------

Frozen-stored mammary tissues harvested at day 13 of pregnancy (p13), p14, p16 and day 1 of lactation (L1) were ground into powder with a mortar and pestle. Chromatin was fixed with 1% formaldehyde at room temperature for 10 min and the fixation was quenched with Glycine at a final concentration of 0.125M. Samples were processed as previously described^[@R70]^. The following antibodies were used for ChIP-Seq: anti-STAT5A (Santa Cruz, sc-1081), anti-GR (Thermo Scientific, PA1-511A), anti-NFIB (Santa Cruz, sc-5567), anti-ELF5 (Santa Cruz, sc-9645), anti-MED1 (Bethyl Laboratory, A300-793A), anti-H3K27ac (Abcam, ab4729), anti-H3K4me3 (Millipore, 17-614), and anti-RNA Polymerase II (Abcam, ab5408). Libraries for the next generation sequencing (NGS) were prepared as previously described^[@R70]^ and sequenced with HiSeq 2000 (Illumina).

ChIP-Seq data analysis {#S11}
----------------------

ChIP-Seq signals were trimmed using trimmomatic^[@R71]^ (version 0.33) for filtering low quality reads (using following parameters: LEADING:20, TRAILING:20, SLIDINGWINDOW:4:20, MINLEN:20, HEADCROP:15). The subsequent ChIP-Seq reads were aligned to the mouse reference genome (mm9) using Bowtie^[@R72]^ aligner (version 1.1.2) with the −m 1 parameter to get only uniquely mapped reads. The average alignment rate was 93% and around 24% were discarded due to the −m parameter ([Supplementary Table 4](#SD4){ref-type="supplementary-material"}). The correlation of all replicates was calculated using deepTools^[@R73]^ with default parameters and spearman correlation, as it is more stable if outliers occur, with the caveat that the correlation value is less sensitive. ChIP-Seq data that have shown in this study were highly reproducible (*spearman's correlation coefficient* \> 0.7). The HOMER software^[@R74]^ (default settings) was used for the visualization. To identify the regions of ChIP-Seq enrichment over background, MACS2^[@R75]^ peak-finding algorithms (version 2.1.0) was used. As data were from different resources the q-value/p-value parameter was adjusted individually for each file to optimize STAT5 peak calling (STAT5A L1 replicate one q-value cutoff = 1×10^−5^, STAT5A L1 replicate two p-value cutoff = 1×10^−2^, STAT5A p13 replicate one q-value cutoff = 1×10^−2^, STAT5A p13 replicate two q-value cutoff = 1×10^−3^, STAT5A liver q-value cutoff = 1×10^−3^, STAT5B T cell q-value cutoff = 5×10^−2^). For all STAT5A L1 and p13 samples also adequate input files were used. To receive high confident peaks, replicates were used for STAT5A L1 and p13, which were identified by overlapping the files using bedOps^[@R76]^ genome analysis toolkit (version 2.4.14) using one base pair as overlapping criteria. For H3K27ac of wild type L1 tissue the broad peak calling option with a q-value cutoff of 5×10^−2^ was selected. Only STAT5A L1 peaks, validated using both replicates, which coincide with H3K27ac marks within ±500 bp were taken into account for further analysis. The final step comprised the extraction of promoter peaks using ±500 bp to the TSS. Those verified and filtered peaks were used for all subsequent analyses.

Identification of super-enhancers {#S12}
---------------------------------

The non-promoter STAT5 peaks served as the basis for the super-enhancer analysis calculation applying the ROSE algorithm ^[@R37],[@R46]^ using default stitching size of 12.5 kb, as well as 25 kb and 35 kb since mammary-specific super-enhancers might be different from super-enhancers identified in embryonic stem cells. To obtain only mammary-specific super-enhancers each stitched size was used as a parameter for the calculations based on STAT5A peaks, H3K27ac, GR and MED1. The next step comprised the overlap of H3K27ac, GR and MED1 super-enhancers per size. The super-enhancers identified and reproduced for at least two factors were maintained for further analysis. The subsequent subtraction of liver and T-cell super-enhancers (12.5 kb) was applied using bedOps with the criteria that minimum 30% of the mammary super-enhancer needed to overlap with the liver or T cell super-enhancers. In the final step nested super-enhancers, which had been annotated to the same gene, were removed.

RNA-Seq data analysis and gene annotation {#S13}
-----------------------------------------

RNA-Seq data were trimmed in the same manner as the ChIP-Seq data. The mapping was carried out using STAR RNA-Seq aligner^[@R77]^ with default settings and Mus_musculus.NCBIM37.67 as GTF file. In order to assign the super-enhancers and lone enhancers only to high confident genes, the GTF file was filtered to get only protein-coding genes, and predicted genes (LOC, Rik and BC) were excluded. R (version 3.2.3), Bioconductor^[@R78]^ and the packages Rsubread^[@R79]^ (default settings) and DESeq2^[@R80]^ (default settings) were used for RNA-Seq analysis. Data from mammary tissue at days 6 (p6) and 13 (p13) of pregnancy, lactation day one and STAT5A deficient tissue at lactation day one as well as liver and T cell data were analyzed. Mammary-specific super-enhancers were annotated taking into account the two nearest genes and choosing the one with the higher FPKM value based on expression data obtained at L1.

Additional bioinformatics analysis {#S14}
----------------------------------

HOMER^[@R74]^ was used for motif analysis using the default settings with an individually generated background, based on concatenated DNase-Seq data from B cell, cerebellum, kidney, liver, lung, spleen and thymus. The heatmap was created using a width of 5 kb. The analysis of L1 specific enhancers and enhancers already established at p13 was done using bedOps^[@R76]^ genome analysis toolkit, with the criteria that the peaks need to be inside the super-enhancer. Graph plotting was performed using R with the packages dplyr and ggplot2^[@R81]^.

Data {#S15}
----

STAT5 ChIP-Seq data for liver and T-cells were obtained from the GEO accession No. GSE31578 and GSE27158, respectively. H3K27ac ChIP-Seq data for liver and T-cells were obtained from the GEO accession No GSE31039. The RNA-Seq data for wild type at p6 and L1 and deficient STAT5a at L1 are deposited under GSE37646. RNA-Seq data for wild type at p13 are obtained from GSE70440. T cell and liver RNA-Seq data are available under GSE48138 and GSE66140.

Generation of CRISPR/Cas9 targeted mice {#S16}
---------------------------------------

The sgRNA constructs were designed to target specific GAS motif at E1 (−0.7 kb from *Wap* TSS), E2 (−1.4 kb from *Wap* TSS), and E3 (−5.6 kb from *Wap* TSS). The off-target scores were evaluated by the online tool. The specific sgRNA sequences are described in the [Supplementary Table 2](#SD3){ref-type="supplementary-material"}. Target-specific sgRNA and Cas9 mRNA were *in vitro* transcribed and microinjected into the cytoplasm of fertilized eggs for the founder mice production.

Generation of TALEN targeted mice {#S17}
---------------------------------

The specific GAS motif (−1.4 kb from *Wap* TSS or −5.6 kb from *Wap* TSS) was selected as a TALEN target site. TALEN mRNA was generated *in vitro* transcription, which was then injected into fertilized eggs for the founder mice production.

Generation of knockin mice {#S18}
--------------------------

Point mutations were introduced in the GAS motif, NFIB motif, and ELF5 motif in E1 (−0.7 kb from *Wap* TSS) using homologous recombination in embryonic stem cells.

Generation of homozygous mice and genotyping {#S19}
--------------------------------------------

Founder (F0) of CRISPR/Cas9 targeted mice and TALEN targeted mice were bred to C57BL/6 wild type mice to segregate the mosaicism and generate F1 heterozygous mice, which were inter-bred to generate F2 homozygous mice. Founders of knockin mice were interbred for the mouse colony expansion. All mice were genotyped by PCR amplification of genomic DNA isolated from mouse tail snips followed by Sanger sequencing. Details of PCR primers and sequencing primers are described in the [Supplementary Table 3](#SD3){ref-type="supplementary-material"}. The two lines carrying deletions within the GAS site in E1 were named ΔE1a (11 bp deletion) and ΔE1b (27 kb). The knockin mice were named ΔE1c. TALEN targeted mice were named ΔE2 and ΔE3 according to the location of specific GAS deletion sites. The mice that have combined mutations at GAS site in E1, E2, and E3 by CRISPR/Cas9 genome editing named ΔE1a/2, ΔE2/3, and ΔE1a/2/3 according to the location of specific GAS deletion sites. The specific deletion sequences in each mouse are shown in the [Supplementary Figure 9](#SD1){ref-type="supplementary-material"}.

RNA isolation and quantitative RT-PCR {#S20}
-------------------------------------

RNA was isolated using the PureLink RNA Mini kit (Ambion) according to the manufacturer's protocol. Complementary DNA was synthesized from total RNA using SuperScript II (Invitrogen) and the quantitative PCR was performed using the Taqman probe-based system (*Wap*, Mm00839913_m1; mouse *Gapdh* endogenous control, 4352339E, Applied Biosystem) on the CFX384 Real-Time PCR Detection System (Bio-Rad). *Wap* mRNA levels were measured by qRT-PCR and normalized to *Gapdh.*

DNase-Seq {#S21}
---------

DNase-Seq in mammary glands of WT and mutant mice was performed as previously described^[@R70]^ .

Statistical analyses {#S22}
--------------------

All samples that were used for qRT-PCR, ChIP-Seq and DNase-Seq were randomly selected and the blind test was not applied. The significance of the boxplots was calculated using a Student's t-test with a one-sided alternative hypothesis in case of a two sample comparison. For more samples ANOVA was applied to see whether the comparison is significant or not. In case of significance an additional pairwise t-test was used to compare the groups. Prior to any statistical analysis a Shapiro-Wilk Normality test was applied to validate the normal distribution of the data. Statistical power was calculated using R and the package pwr. The effect size was calculated for each comparison based on the estimated means and standard deviations of each group and the sample size for each group was therefore determined via power analysis of *Wap* expression change with significance level 0.05 and power level 0.9. Gene expression data were presented with the mean of independent biological replicates. To evaluate the gene expressions that are statistically different between WT and each mutant group, a two-tailed unpaired t-test was used.

Mammary epithelial cell (MECs) isolation {#S23}
----------------------------------------

Mammary tissue was obtained at p13 and L1 from wild type mice. Tissue was digested for 2 hours at 37°C in complete EpiCult-B medium (EpiCult-B medium with 5% fetal bovine serum) supplemented with 300 U/mL collagenase and 100 U/mL hyaluronidase. After lysis of red blood cells in NH~4~Cl, single cell suspensions were obtained by sequential dissociation with pre-warmed 0.25% Trypsin-EDTA, followed by pre-warmed 5 mg/mL Dispase and 0.1 mg/mL DNase I, and filtration through a 70 μm cell strainer. All reagents were from Stemcell Technologies unless otherwise specified. Obtained single cell suspensions were isolated to mammary epithelial cells by the removal of non-epithelial cell compartments with the biotinylated antibodies against the cell surface antigens of murine hematopoietic, endothelial, and fibroblast cells (CD45, CD31, TER119, and BP-1) using EasySep Mouse Epithelial Cell Enrichment Kit (Stemcell Technologies).

Histological analysis {#S24}
---------------------

Mammary tissues from wild type mice were harvested at p13, p14, p16, and L1. Harvested mammary tissues were fixed in 10% formalin and dehydrated in ethanol. Paraffin sections were stained with hematoxylin and eosin by standard methods (Histoserve).
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![Identification of mammary-specific super-enhancers. (a) Out of 10,953 peaks coinciding with H3K27ac marks, 549 are located in promoter regions and 10,404 within non-promoter regions. The 10,404 STAT5 peaks, together with H3K27ac, GR and MED1, served as basis for the super-enhancer analysis^[@R37],[@R46]^ using three stitched sizes as parameter for the calculations. The final steps comprised overlapping them per size and subtracting super-enhancers shared with T cells and liver and a total of 440 mammary-specific *bona fide* super-enhancers were identified. (b) The boxplot depicts the significant higher expression level of 384 genes associated with super-enhancers (mean \~5,931 FPKM) compared to 4,384 genes linked to lone enhancers (mean \~31 FPKM) at day one of lactation (L1) (cutoff of 5 FPKM). Median, middle bar inside the box; IQR, 50% of the data; whiskers, 1.5 times the IQR. (c) Gene Set Enrichment Analysis shows that super-enhancers are less enriched in STAT5A deficient samples (70% reduction) suggesting that those genes are more sensitive to changes of STAT5 levels and further implying that the super-enhancers are mammary-specific (Nom *P*-value, nominal *P*-value; FDR, false discovery rate; NES, normalized enrichment score). (d) Boxplot shows that the expression of the 384 genes associated with mammary-specific super-enhancer is significantly elevated at L1, compared to T cells and liver tissue. (e) Super-enhancer associated genes were categorized into genes induced at least 2-fold between pregnancy day 6 (p6) and L1 (198), and not induced genes (186). Notably, induced genes exhibit lineage specificity and their expression in T cell and liver was greatly lower.](nihms-793137-f0001){#F1}

![Transcription factor binding signatures in mammary-specific super-enhancers. (a) Motif analysis within mammary-specific super-enhancers. Predicted motifs for transcription factors critical for mammary development were highly enriched in mammary-specific super-enhancers (±200 bp). (b) Transcription factor binding profiles of constituent enhancers within a mammary-specific super-enhancer. The *Wap* mammary-specific super-enhancer was shown as a representative example and the constituent enhancers were indicated as red asterisk. The data represent the biological duplicates. (c) Heatmap of transcription factor binding, STAT5A, GR, MED1, NFIB, ELF5, and H3K27ac within a 5 kb region around the center of hotspots in mammary-specific super-enhancers. The y-scale is sorted by the row sum of the STAT5A values for all transcription factors.](nihms-793137-f0002){#F2}

![Assembly of constituent enhancers in mammary-specific super-enhancers during pregnancy. (a) Seven percent of super-enhancers have no established peaks at day 13 of pregnancy (p13), 56% are occupied less than half, 32% are more than half, and 5% are already established at p13. (b) Genes associated with progressive super-enhancers (418) show higher induction levels than those fully occupied at p13 (22). Median, middle bar inside the box; IQR, 50% of the data; whiskers, 1.5 times the IQR. (c) Progressive enhancers associated with genes induced during pregnancy show a higher induction than those associated to not induced genes. Super-enhancers having no established enhancers at p13 show the highest induction followed by those with less than 50% and more than 50% pre-occupied enhancers (left). (d) Establishment of enhancers within the mammary-specific *Wap* super-enhancer. Only enhancer 1 (E1) is occupied by mammary-enriched transcription factors at p13, whereas E2 and E3 are exclusively occupied at day 1 of lactation (L1). Data represent biological duplicates. (e) Progressive establishment of the mammary-specific *Glycam1* super-enhancer. One (asterisk) out of three individual enhancers is already occupied by mammary transcription factors at p13 and all three enhancers are fully occupied at lactation. (f) Establishment of individual enhancers within the mammary-specific *Wap* super-enhancer across different pregnancy stages. Only E1 is occupied by STAT5A and H3K27ac at p13 and p14, whereas all three enhancers are fully occupied at p16 and L1. (g) *Wap* mRNA levels in mammary tissue at different pregnancy stages. L1, *n* = 6; p16, p14, p13, *n* = 3. The *casein* locus served as a control ([Supplementary Fig 6](#SD1){ref-type="supplementary-material"}).](nihms-793137-f0003){#F3}

![*In vivo* functions of individual enhancers within the mammary-specific super-enhancer of the *Wap* gene. (a) Genomic features of E1, E2, and E3 in the *Wap* locus. (b) Schematics of single enhancer mutations (ΔE1a, ΔE2 and ΔE3) and combined mutations (ΔE1a/2, ΔE2/3, ΔE1a/2/3) in the mouse genome. Exact deletions are shown in [Supplementary Fig 9](#SD1){ref-type="supplementary-material"}. (c) *Wap* mRNA levels in mammary tissues from mice carrying individual enhancer mutants (ΔE1a, ΔE2 and ΔE3) and combined mutants (ΔE1a/2, ΔE2/3, ΔE1a/2/3) at day 1 of lactation (L1). *Wap* mRNA levels were measured by qRT-PCR and normalized to *Gapdh*. Results are means of independent biological replicates with s.e.m. (WT, *n* = 9; ΔE1a, *n* = 7; ΔE2, *n* = 10; ΔE3, *n* = 7; ΔE1a/2, *n* = 3; ΔE2/3, *n* = 3; ΔE1a/2/3, *n* = 3). A two-tailed unpaired t-test was used to evaluate the statistical significance of differences between WT and each mutant group (\**P* \< 0.05, \*\**P* \< 0.001, \*\*\**P* \< 0.0001, \*\*\*\**P* \< 0.00001). *Wap* expression was reduced by approximately 91% in ΔE3 mutant mice and over 99.9% in ΔE1a/2/3 mutant mice. (d) Comparison of *Wap* mRNA levels in mammary tissues from ΔE1a/2/3 mutant mice at L1 and from WT controls at different stages (L1 and p14). Results are shown in log10 of means (error bars, s.e.m; *n* = 3). *Wap* expression was reduced 1,000-fold in ΔE1a/2/3 mutant mice compared to WT at L1 and was equivalent to WT p14.](nihms-793137-f0004){#F4}

![Structural consequences resulting from the loss of STAT5 binding at individual and combined enhancers in the mammary-specific *Wap* super-enhancer. (a) ChIP-Seq profiles and DNaseI hypersensitive sites (DHS) at the *Wap* locus in mammary tissue from single enhancer mutants at day one of lactation (L1). The *Lao1* locus served as a ChIP-Seq control. The data for STAT5A and H3K27ac ChIP-Seq represent biological duplicates. STAT5A binding was reduced at site E1 in ΔE1a mutants and at E2 in ΔE2 mutants. GR binding and H3K27ac marks were retained in ΔE1a and ΔE2 mutants. STAT5A binding, GR binding and H3K27ac marks were lost at site E3 in ΔE3 mutants. (b) ChIP-Seq profiles in combined enhancer mutant mice. The data for STAT5A, GR and H3K27ac ChIP-Seq represent biological duplicates. STAT5A binding was reduced at site E1 and E2 and GR binding and H3K27ac marks were retained in mammary tissue from ΔE1a/2 mutants. Complete absence of STAT5A and GR binding, H3K27ac marks at E2 and E3 in mammary tissue from ΔE1a/2/3 mutants. Residual marks were retained at E1. (c) STAT5A ChIP-Seq profiles in single and combined enhancer mutant mice. STAT5A binding at the E3 site plays the most prominent role in *Wap* super-enhancer.](nihms-793137-f0005){#F5}

![*In vivo* function of the epicenter within E1 of the *Wap* super-enhancer. (a) Diagram of mutations within E1, inactivating binding of STAT5 alone, STAT5 and NFIB, and STAT5, NFIB and ELF5. (b) *Wap* mRNA levels in mammary tissues from ΔE1a, ΔE1b and ΔE1c mutant mice at day 1 of lactation (L1). *Wap* mRNA levels were measured by qRT-PCR and normalized to *Gapdh*. Results are means of independent biological replicates with s.e.m. (WT, *n* = 9; ΔE1a, *n* = 7; ΔE1b, *n* = 7; ΔE1c, *n* = 5). A two-tailed unpaired t-test was used to evaluate the statistical significance of differences between WT and each mutant group (\*\**P* \< 0.001, \*\*\**P* \< 0.0001, \*\*\*\**P* \< 0.00001). *Wap* expression levels between ΔE1a and ΔE1b were not significantly different (*P* = 0.5). *Wap* expression was reduced by 99.7% in ΔE1c mutant mice. (c) Genomic features of ΔE1b and ΔE1c mutant mice. The data for STAT5A and H3K27ac ChIP-Seq represent biological duplicates. STAT5A binding and H3K27ac marks were reduced at E1 in mammary tissue from ΔE1b mutants. STAT5A and GR binding, H3K27ac marks and DHS were absent at the three individual enhancers (E1, E2 and E3) in mammary tissue from ΔE1c mutants.](nihms-793137-f0006){#F6}
